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a b s t r a c t
Sproutys (Sprys) are downstream targets and negative feedback regulators of the FGF–Ras–ERK signaling
pathway. Our previous studies have shown that Spry1 and Spry2, through negative modulation of FGF–
ERK signaling, allow lens vesicle separation from the overlying ectoderm and regulate corneal epithelial
proliferation. Here we show that Spry1 and Spry2 are necessary for eyelid closure. Murine palpebral
conjunctival epithelial cells that differentiate as inner eyelids and adjacent mesenchymal cells express
Spry1 and Spry2 prior to eyelid closure. Conditional deletion of both Spry1 and Spry2, but not either one
alone, in the ocular surface epithelial cells result in the “EOB” (eyes open at birth) phenotype suggesting
redundant roles for these proteins during eyelid closure. Spry mutant eyelids show increased prolifera-
tion of conjunctival epithelial cells with concomitant induction of FGF targets, Erm, Pea3 and Dusp6 and
elevated ERK phosphorylation. Peridermal cells at the leading edge of Spry-mutant eyelids showed
reduced c-Jun, but not ERK, phosphorylation, reduced F-actin polymerization and reduced motility
in vitro. Spry mutant eyelids also showed disruptions in epithelial mesenchymal interactions reﬂected in
the enhanced mesenchymal Spry1 and Spry4 expression, disaggregation of BMP4-positive mesenchymal
cells and loss of Shh in the eyelid epithelium. Spry mutant eyelids also showed increased Wnt signaling
and reduced expression of Foxc1 and Foxc2, two transcription factors previously shown to be necessary
for eyelid closure. Collectively, our results show that conjunctival epithelial Spry1 and Spry2 redundantly
promote eyelid closure by (a) stimulating ERK-independent, c-Jun-mediated peridermal migration,
(b) suppressing conjunctival epithelial proliferation through FGF–ERK signaling, (c) mediating conjunc-
tival epithelial-mesenchymal interactions and (d) maintaining expression of Foxc1 and Foxc2.
& 2013 Elsevier Inc. All rights reserved.
Introduction
The eyelid anlagen are speciﬁed by embryonic day 9 (E9)
(Swindell et al., 2008). Eyelids become morphologically distinct by
E11.5 with the invagination of the dorsal and ventral portions of the
ocular surface ectoderm adjacent to the globe. The palpebral con-
junctival epithelium lines the inner surface and palpebral epidermis
lines the outer surface of the eyelid enclosing loosely organized
mesenchymal cells. The palpebral conjunctival epithelium is contig-
uous with the bulbar conjunctival epithelium which in turn, is
contiguous with the corneal epithelium. After E11.5, peridermal cells
at the leading edges of the upper (dorsal) and lower (ventral) eyelids
migrate toward each other to initiate eyelid closure. Fusion of the
two leading edges is complete by E15.5. The eyelids remain closed
until post natal day 14 (P14) at which time they reopen. Other
adnexal organs that arise from the conjunctival epithelia include
goblet cells that contribute mucus secretions to the tear ﬁlm and
meibomian and lacrimal glands that contribute lipid and aqueous
secretions to the tear ﬁlm respectively.
A number of genes including growth factors (FGF10, TGF-α, HB-
EGF) (Luetteke et al., 1993; Mine et al., 2005; Tao et al., 2005), growth
factor receptors (FGFR2, BMPR1a, EGFR) (Li et al., 2001; Luetteke
et al., 1994; Miettinen et al., 1995; Vassalli et al., 1994), cytoplasmic
effectors (MAP3K1, SMAD4, JNK) (Huang et al., 2009; Takatori et al.,
2008; Zhang et al., 2003) and transcription factors (c-Jun, Foxc1,
Foxc2) (Li et al., 2003; Smith et al., 2000; Zenz et al., 2003) have been
shown to regulate eyelid growth and closure. Germline or conditional
deletion of these genes in the ocular surface epithelial cells alter
growth and result in the EOB phenotype. In particular, perturbations
in FGF and BMP signaling profoundly alter eyelid growth and
differentiation. FGF10, expressed in the eyelid mesenchyme and its
cognate receptor, FGFR2, expressed in the conjunctival epithelial cells
are necessary for eyelid closure (Tao et al., 2005). Downstream of
FGFR2, BMP4-SMAD4 mediated signaling has been shown not only
to control epithelial growth but also to maintain conjunctival cell fate
(Huang et al., 2009). Conditional deletion of SMAD4 in the epithelial
cells results in a switch from conjunctival to epidermal differentiation
program and keratinization of the ocular surface epithelia. The
sensitivity of eyelid epithelial cells to growth factor signaling suggests
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the possibility of positive and negative feedback mechanisms that
would allow precise modulation of signaling strength in these cells.
Whether such feedback mechanisms exist has not been explored.
Sproutys have been shown to be direct targets and negative
feedback regulators of ﬁbroblast growth factor (FGF) signaling in
invertebrates and in vertebrates (Chambers and Mason, 2000; Faedo
et al., 2010; Hanafusa et al., 2002; Minowada et al., 1999). Four
members of the Sprouty family, Spry1–4, have been identiﬁed. Of
these, Spry3 is expressed in the adult brain and testes but not in the
embryo (Minowada et al., 1999). Loss of function studies in mice show
that Spry1 and Spry2 play critical roles during early development of
multiple organ rudiments including kidney (Basson et al., 2005, 2006),
inner ear (Shim et al., 2005), tooth (Klein et al., 2006) and cortical
patterning in the brain (Faedo et al., 2010). More recently, we have
shown that Spry1- and Spry2-mediated negative modulation of FGF–
ERK signaling regulates lens vesicle separation and corneal epithelial
proliferation (Kuracha et al., 2011). In this study, by conditional
deletion of Spry1 and Spry2 in the ocular surface epithelial cells, we
show that these genes also promote eyelid closure through FGF-ERK-
mediated regulation of conjunctival epithelial proliferation and ERK-
independent, c-Jun-mediated peridermal cell migration.
Materials and methods
Mice
Spry1 and Spry2 ﬂoxed mice (Basson et al., 2005; Klein et al., 2006)
were crossed to Le-Cre transgenic mice (Ashery-Padan et al., 2000)
to delete Spry1 and Spry2 in the ocular surface epithelial cells as
described previously (Kuracha et al., 2011). Matings were set up such
that Cre-positive embryos or pups were hemizygous for the Cre
transgene. Recombination and excision of loxP ﬂanked sequences in
Spry1 and Spry2 genes were conﬁrmed as described previously
(Kuracha et al., 2011).
Histological analyses
Timed pregnancies were set up and pregnant females were
sacriﬁced at appropriate time points. Spry mutant offspring were
identiﬁed by PCR as described previously (Kuracha et al., 2011).
Heads of Spry mutant and control heads were harvested, ﬁxed in
10% formalin, embedded in parafﬁn, sectioned frontally and
stained with hematoxylin and eosin.
In situ hybridization
In situ hybridization was performed as described previously using
35S-UTP-labeled riboprobes (Kuracha et al., 2011). Spry1, Spry2, cyclin
D1, cyclin D2, Erm, Pea3, Cre and Dusp6 were synthesized as described
previously (Kuracha et al., 2011). The BMP4 antisense probe was
synthesized using EcoRI-digested BMP4 cDNA and SP6 RNA polymer-
ase. The Shh antisense probewas synthesized using EcoRI-digested Shh
cDNA and T7 RNA polymerase. The Foxc1 antisense probe was
synthesized using PstI-digested Foxc1 cDNA and T7 RNA polymerase.
The Foxc2 antisense probe was synthesized using PstI-digested Foxc2
cDNA and T7 RNA polymerase. The Axin2 antisense probe was
synthesized using EcoRI-digested Axin2 cDNA and T3 RNA polymerase.
The sFRP antisense probe was synthesized using PstI-digested sFRP
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Fig. 1. Spry 1, Spry2 and Spry4 expression in wildtype and Spry CKO mutant eyelids. 35S-labeled Spry1 (A, D, G, G′, and K), Spry2 (B, E, H, H′, and L), Spry4 (C, F, I, I′, and M) and
Cre (J) riboprobes were hybridized to sections of E12.5 (A, B, and C), E14.5 (D, E, and F) and E15.5 (G–I′) wildtype and E14.5 (J–M) Spry CKO mutant embryos. The dotted lines
delineate the boundary between the epithelial and mesenchymal cells. G′–I′ are higher magniﬁcations of boxed regions in G–I. Conjunctival epithelial cells expressed Spry1
(A, D, and G, white arrows) and Spry2 (B, E, and H, white arrows), the palpebral epidermal cells expressed Spry1 (D and G, magenta arrows), Spry2 (E and H, magenta arrows)
and Spry4 (I, magenta arrow) and the eyelid mesenchymal cells showed localized expression of Spry1 (D, G, and G′, green arrows) but broader expression of Spry2 (E, H, and
H′) and Spry4 (F, I, and I′). Peridermal cells expressed all three Sprys (G′–I′, yellow arrows). In the Spry CKO eyelids, the conjunctival epithelial cells expressed Cre recombinase
(J, white arrows) and showed near complete loss of Spry1 (K, white arrow) and Spry2 (L, white arrow) expression. The eyelid mesenchymal cells showed increased expression
of Spry1 (compare K to D) and Spry 4 (compare M to F) and the bulbar mesenchymal cells showed increased expression of Spry2 (compare L to E) and Spry4 (compare M and
F). Asterisk in panel A marks Spry1 expression in the nasolacrimal duct. Staining in the retinal pigmented epithelium (D, rpe) is an artifact of dark-ﬁeld illumination.
Abbreviations; bc, bulbar conjunctiva; l, lens; pc, palpebral conjunctiva; pe, palpebral epidermis; r, retina. Scale bar in (G′): (A, B, C, and G′–I′) 50 μm; (D–I, J–M) 100 μm.
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cDNA and T7 RNA polymerase. The K4 antisense probe was synthe-
sized using SpeI-digested K4 cDNA and T7 RNA polymerase. Bright-
and dark-ﬁeld images were captured separately using an Eclipse E600
microscope (Nikon, Tokyo, Japan). Silver grains in the dark-ﬁeld images
were pseudocolored red using Adobe Photoshop CS3 (Adobe systems,
San Jose, CA) and overlaid on corresponding bright-ﬁeld images.
Immunohistochemistry
Immunohistochemistry (IHC) on formalin-ﬁxed parafﬁn embedded
sections was performed as described previously (Kuracha et al., 2011).
Sections were mounted using anti-fade medium containing DAPI
(ProLong; Invitrogen, Carlsbad, CA). In ﬁgures where IHC data are
shown, antigen–antibody complexes are red, and nuclei are stained
blue with DAPI.
Proliferation assay
BrdU incorporation assay was performed to measure cell
proliferation as described previously (Kuracha et al., 2011). Quan-
tiﬁcation of cell proliferation (BrdU labeling index) was performed
by calculating the fraction of BrdU positive nuclei over the total
number of nuclei for each section. Sections from a minimum of
three different embryos were analyzed from control and Spry
mutants for each time point. Analysis was performed by student's
t test by comparing Spry mutant and Cre-samples at Pr0.05
(Prism 5, GraphPad, La Jolla, CA).
Isolation and culture of primary keratinocytes
Isolation and culture of primary keratinocytes was performed
as described by Li et al. (2003) with minor modiﬁcations. Eyelids
of new born mice were dissected, rinsed in 1X PBS and incubated
in solution containing dispase (MP Biologicals, IN), at 4 1C over-
night. The dermis was separated from epidermis with forceps and
minced in 0.25% trypsin EDTA for 5 min to generate a single cell
suspension. These cells were then cultured in a mouse keratino-
cyte culture medium containing deﬁned keratinocyte-serum free
media (KSFM) (GIBCO BRL) supplemented with 10 ng/ml EGF.
In vitro scratch assay
To analyze eyelid epithelial cell motility, Spry mutant and Cre-
primary keratinocytes were seeded onto six well plate or chamber
slides (BD Biosciences), grown to conﬂuence and transferred to a
growth factor-free medium containing mitomycin C (Sigma) and
cultured for a day. The conﬂuent monolayer was then wounded by a
disposable pipette tip (Fisher), washed once with 1X PBS to remove
the ﬂoating cells and fresh deﬁned KSFM containing 10 ng/ml EGF
was added back to the culture. Images were captured immediately
and 48 h later. The number of cells that migrated into the gap after
48 h was counted. For immunostaining, cells were washed twice
with PBS and ﬁxed in 4% formaldehyde solution in PBS for 10 min at
room temperature. Alexa 488 conjugated phalloidin (Molecular
Probes) was used to stain F-actin.
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Fig. 2. Spry CKO mutants are born with open eyelids. New born Spry CKO pups display the ‘EOB′ phenotype (B, arrow) in contrast to Cre- control (A) littermates. Frontal
sections of E14.5 (C–D′), E15.5 (E–F′), E16.5 (G–H′) and P1 (I–J′) of Cre- and Spry CKO embryos were stained with hematoxylin and eosin. C′–J′ are higher magniﬁcations of
boxed regions in C–J. Spry CKO palpebral conjunctival epithelium (D′, F′, and H′, red arrow) and palpebral peridermis (H′ and J′, magenta arrow) were hyperplastic. Margins
of the upper and lower eyelids in the Spry CKO embryos (F–J, black arrows) remained unfused in contrast to Cre- littermates (E′, G′, and I′, arrows). Red arrows in I′ and J′
mark hair follicles. Asterisk in J marks inﬂammatory inﬁltrates between the two eyelids. Abbreviations; bc, bulbar conjunctiva; l, lens; pc, palpebral conjunctiva; pe, palpebral
epidermis; r, retina. Scale bar in (I): (A, B) 1 mm; (C–J) 200 μm; (I′) 40 μm; (C′–H′, and J′) 80 μm.
M.R. Kuracha et al. / Developmental Biology 383 (2013) 227–238 229
Results
Spry1, Spry2 and Spry4 expression in the eyelid precursor cells
Spry1, Spry2 and Spry4 expression prior to (E12.5, E14.5) and during
(E15.5) eyelid closure was analyzed by in situ hybridization (Fig. 1). As
both upper (dorsal) and lower (ventral) eyelids showed similar
patterns of expression for these three genes, only lower eyelid
expression is shown in Fig. 1. At E12.5, when the ocular surface
ectoderm invaginates to form the presumptive eyelids, the palpebral
conjunctival epithelial cells expressed Spry1 and Spry2 (Fig. 1A and B)
but not Spry4 (Fig. 1C). Palpebral (Fig. 1A and B, white arrows) and
forniceal epithelial cells (Fig. 1A and B, green arrows) showed stronger
expression of Spry1 and Spry2 than bulbar epithelial cells. A similar
expression patternwas seen in the conjunctival epithelial cells at E14.5
and E15.5 (Fig. 1D, E, G, and H, white arrows). At E12.5, mesenchymal
cells adjacent to the conjunctival epithelia expressed Spry2 and Spry4
(Fig. 1B and C). Later, at E14.5 and at E15.5, eyelid mesenchymal cells
expressed all three Sprys (Fig. 1D–I′). Of these, Spry1 expression was
stronger in the mesenchymal cells closer to the margin (Fig. 1D, G, and
G′, green arrows). The presumptive eyelid epidermis expressed Spry1
and Spry2 at E14.5 and E15.5 (Fig. 1D, E, G, and H, magenta arrows)
and Spry4 at E15.5 (Fig. 1I, magenta arrow). During eyelid closure at
E15.5, peridermal cells at the leading edge expressed all three Sprys
(Fig. 1G′–I′, yellow arrows). Thus, Spry expression in the eyelid
precursor cells during epithelial invagination and peridermal migra-
tion suggested regulatory roles for these genes during eyelid differ-
entiation and morphogenesis.
Sprys are required for eyelid closure
To test the hypothesis that Sprys are necessary for eyelid differ-
entiation, we deleted Spry1 and Spry2 in the ocular surface epithelial
cells by Cre-mediated recombination and excision of Spry1 and Spry2
ﬂoxed alleles (Fig. 1J–L). Cre recombinase expressionwas driven by the
Pax6 promoter (Le-Cre) that is active by E9 in the lens placode and
ocular surface ectoderm (Ashery-Padan et al., 2000). We conﬁrmed
Cre recombinase expression in the palpebral and bulbar conjunctival
epithelial cells by in situ hybridization (Fig. 1J, white arrows). Cre
expressionwas also noted in the presumptive eyelid epidermis (Fig. 1J,
magenta arrow). Spry1 (Fig. 1K, arrows) and Spry2 (Fig. 1L, arrows)
expression in the Spry1ﬂ/ﬂ; Spry2ﬂ/ﬂ; Cre (will be referred to as Spry
CKO) conjunctival epithelial and eyelid epidermal cells was substan-
tially reduced conﬁrming Cre-mediated excision of Spry1 and Spry2.
Interestingly, Spry4 expression in the palpebral conjunctival epithelial
cells was modestly increased in the Spry CKO eyelids (Fig. 1 compare
M to F). Also, the mesenchymal cells adjacent to the bulbar and
palpebral conjunctival epithelia expressed higher levels of all three
Sprys (Fig. 1 compare K to D, L to E andM to F). These results suggested
profound perturbations in eyelid epithelial-mesenchymal interactions
upon loss of Spry1 and Spry2 in the epithelial cells.
Loss of two alleles of Spry1 or Spry2 or three alleles of Spry1 and
Spry2 did not show any abnormalities in eyelid development
(Supplementary Fig. S1) suggesting that Spry1 or Spry2 was dispen-
sable for eyelid differentiation. But loss of all four alleles of Spry1 and
Spry2 (Spry CKO) resulted in the EOB phenotype (Fig. 2A and B,
arrows). Histological analysis did not reveal alterations in eyelid
morphology prior to E14.5. The Spry CKO palpebral conjunctival
epithelium was thickened prior to (E14.5), during (E15.5) and after
(E16.5) eyelid closure (Fig. 2D′, F′, and H′, red arrows). Pronounced
thickening of palpebral epidermis was noticeable at E16.5 (Fig. 2H′,
magenta arrow). At E15.5, the peridermal cells at the leading edges of
the upper and lower eyelids in the control (Cre-) embryos had
migrated to initiate eyelid closure (Fig. 2E′, arrows) and by E16.5, the
margins of the two eyelids had fused (Fig. 2G′, arrow). In contrast, the
Spry CKO peridermal cells at the dorsal and ventral margins had not
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Fig. 3. Increased epithelial proliferation in Spry CKO eyelids. Cell proliferation in E14.5 Cre- (A and C) and Spry CKO (B and D) eyelids was assessed by a BrdU incorporation
assay and the BrdU labeling index was quantiﬁed (E). Palpebral cojunctival epithelial cells of lower and upper eyelids and bulbar conjunctival epithelial cells of lower eyelids
showed signiﬁcant increases in proliferation. Error bars, SEM. 35S-labeled cyclin D1 (F–I) and cyclin D2 (J–M) riboprobes were hybridized to sections of E14.5 Cre- and Spry
CKO mutant embryos. The dotted lines delineate the boundary between the epithelial and mesenchymal cells. Cyclin D1 levels were increased in the palpebral conjunctival
cells of upper (G, arrow) and lower (I, arrow) eyelids. Cyclin D2 levels were increased in the bulbar conjunctival cells of upper (K, arrow) and lower (M, arrow) eyelids.
Abbreviations; bc, bulbar conjunctiva; l, lens; pc, palpebral conjunctiva; pe, palpebral epidermis; r, retina. Scale bar in (L): (A–D) 50 μm; (F–M) 100 μm.
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migrated towards the middle of the eye at E15.5 (Fig. 2F, arrows) or at
E16.5 (Fig. 2H, arrows). The Spry CKO eyelids remained unfused at P1
(Fig. 2J and J′, black arrows) and inﬁltration of inﬂammatory cells
between the open eyelids were seen (Fig. 2J and J′, asterisk). Fewer
hair follicles were noted in the Spry CKO eyelids (Fig. 2I′ and J, red
arrows). These data suggested that the EOB phenotype in the Spry
CKO mice is due to a failure of eyelid closure rather than premature
opening of eyelids and that Spry1 and Spry2 function redundantly to
regulate eyelid closure. In this article, we report changes in the eyelid
differentiation program. Alterations in the development of other
organ rudiments derived from the conjunctival epithelia including
meibomian glands, lacrimal and Harderian glands were also seen but
are not reported here.
Increased proliferation of Spry CKO eyelid epithelia
To assess whether the conjunctival hyperplasia in Spry CKO
embryos was due to increased cell proliferation, BrdU incorporation
assays were performed (Fig. 3A–E). Quantiﬁcation of the BrdU labeling
index revealed a statistically signiﬁcant increase in palpebral conjunc-
tival proliferation of the upper and lower eyelids and in bulbar
conjunctival proliferation of the lower eyelids (Fig. 3A–E). Consistent
with these results, cyclin D1 expression was increased in the palpebral
conjunctival epithelial cells of the upper (Fig. 3F and G) and lower
eyelids (Fig. 3H and I). Cyclin D2, in contrast, was more strongly
expressed in the bulbar epithelial cells, particularly in the lower eyelids
(Fig. 3J–M). Peridermal epidermis and eyelid mesenchymal cells
adjacent to the conjunctival epithelia did not show a statistically
signiﬁcant difference in proliferation (data not shown). No alterations
in active caspase 3 immunoreactivity were observed in Spry CKO
eyelids at E12.5, E14.5 or E15.5 (data not shown) excluding cell death
as a possible cause for the observed phenotype. These results
suggested that the Spry CKO conjunctival hyperplasia was due to
increased proliferation.
Increased FGF signaling in Spry CKO embryos
The ETS domain transcription factors, Erm and Pea3, and the MAP
kinase phosphatase Dusp6 (MKP3) have been shown to be down-
stream targets of FGF signaling (Kawakami et al., 2003; Li et al., 2007;
Sharrocks, 2001). As Sprys negatively regulate FGF signaling, we
assessed alterations in FGF signaling in Spry CKO eyelids by analyzing
Erm, Pea3 and Dusp6 expression (Fig. 4). At E14.5, the Spry CKO
palpebral conjunctival epithelial cells showed increased expression of
Erm, Pea3 and Dusp6 (Fig. 4A–F, white arrows). The bulbar conjunc-
tival epithelial cells and the palpebral epidermis also showed strong
expression of Erm (Fig. 4B, teal and magenta arrows). The peridermal
cells at the eyelid margins showed increased expression of Erm and
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Fig. 4. Induction of FGF signaling targets in Spry CKO eyelids. 35S-labeled Erm (A and B), Pea3 (C and D) and Dusp6 (E and F) riboprobes were hybridized to sections of E14.5
Cre- and Spry CKO mutant embryos. The dotted lines delineate the boundary between the epithelial and mesenchymal cells. Erm, Pea3 and Dusp6 were induced in the
palpebral conjunctival cells (B–F, white arrows) and peridermal cells (B, D, and F, yellow arrow). Erm was also induced in the palpebral epidermis (B, magenta arrow). Green
arrows mark expression of Pea3 (C) and Dusp6 (E and F) in the hair follicles of the skin. Staining in the retinal pigmented epithelium (D, rpe) is an artifact of dark-ﬁeld
illumination. Abbreviations; bc, bulbar conjunctiva; l, lens; pc, palpebral conjunctiva; pe, palpebral epidermis; r, retina. Scale bar in (E): (A–F) 100 μm.
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Pea3 and to a lesser extent, Dusp6 (Fig. 4A–F). No differences in
expression were seen between upper and lower eyelids. Similar
results were seen at E12.5 (Supplementary Fig. S2). These results
suggested that Spry1 and Spry2 negatively regulate FGF signaling in
the eyelid epithelia prior to eyelid closure. Interestingly, Ermwas also
induced in the Spry CKO eyelid mesenchymal cells (Fig. 4B) con-
sistent with induction of Spry1 and Spry4, two other targets of FGF
signaling, in these same cells (Fig. 1L and M). Together, these results
suggest an increase in FGF signaling in the Spry CKO eyelid
mesenchymal cells.
Decreased phospho-c-Jun and increased ERK activity in Spry CKO
eyelids
c-Jun expression and phosphorylation in the migrating peridermal
cells at the leading edge have been shown to be necessary for eyelid
closure (Li et al., 2003). Alterations in c-Jun phosphorylation in Spry
CKO eyelids were assessed by immunohistochemistry (Fig. 5A–D′). In
Spry CKO eyelids, there were fewer peridermal cells with phosphory-
lated c-Jun (Fig. 5A–D′, arrows). The palpebral and bulbar conjunctival
cells in contrast, did not show a substantial difference in phospho-c-
Jun levels (data not shown). As Sprys can increase ERK phosphoryla-
tion downstream of FGF signaling, we assessed alterations in ERK
phosphorylation in Spry CKO eyelids (Fig. 5E–H″). The bulbar and
conjunctival epithelial cells of the Spry CKO eyelids (Fig. 5F″ and H″,
white arrows) but not the peridermal cells (Fig. 5F′, H′, yellow arrows),
showed increased ERK phosphorylation. ERK phosphorylation in the
eyelid mesenchymal cells was comparable to controls (Fig. 5E–H).
These results correlated reduced peridermal migration to decreased
c-Jun phosphorylation and increased conjunctival proliferation to
enhanced ERK phosphorylation.
BMP4 and Shh expression in Spry CKO eyelids
As previous studies have shown that FGF10-FGFR2 signaling is
necessary for BMP4 and Shh expression in the eyelid primordia
(Huang et al., 2009; Tao et al., 2005), we analyzed the expression of
these two genes in Spry CKO eyelids (Fig. 6A–D′). In the control
eyelids, BMP4 expression was localized to a cluster of mesenchymal
cells near the margin (Fig. 6A and A′, white arrows) that were
immediately adjacent to Shh-positive cells in the palpebral conjuncti-
val epithelium (Fig. 6C and C′, arrows). The Shh expression domain
marks the region where the eyelash rudiment will form (Tao et al.,
2005). In the Spry CKO eyelids, a broader domain of BMP4 expression
was seen in the mesenchymal cells (Fig. 6B, white arrows) and the
compact, clustered organization of BMP4 positive cells seen in the
control eyelids was not seen. Condensation of BMP4-positive
mesenchymal cells in the skin epidermal hair follicle rudiment
appeared unaltered (Fig. 6B, green arrows). Coincidentally, Shh expres-
sion was decreased in the Spry CKO palpebral conjunctival cells
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Fig. 5. ERK and c-Jun phosphorylation in Spry CKO eyelids. Alterations in ERK and c-Jun phosphorylation in E14.5 Cre- and Spry CKO eyelids were analyzed
immunohistochemistry. Upper eyelids are shown in panels A–B′, E–F″ and lower eyelids are shown in panels C–D′, G–H″. A′–H′ are higher magniﬁcations of anterior
margins (yellow squares) in panels A–H. E″–H″ are higher magniﬁcations of conjunctiva (white squares) in E-H. c-Jun phosphorylation is reduced in the peridermal cells at
the leading edge of Spry CKO upper (B′, arrow) and lower (D′, arrow) eyelids. ERK phosphorylation in the Spry CKO eyelids (F′ and H′) remained unaltered in the peridermal
cells. In contrast, conjunctival epithelial cells of Spry CKO upper (F″, arrows) and lower (H″, arrows) lids showed increased ERK phosphorylation. Scale bar in (E″): (A–D)
120 μm; (A′–D′) 40 μm; (E–H) 240 μm; (E′–H″) 40 μm.
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(Fig. 6D and D′, arrows). These data support the notion of disrupted
epithelial-mesenchymal communication in the Spry CKO eyelids.
Interestingly, in the Spry CKO conjunctival epithelial cells, phosphor-
ylation of SMAD2 and SMAD1/5/8, two downstream effectors of BMP
signaling, were not decreased in Spry CKO eyelids (Supplementary
Fig. S3). These data would suggest that the disaggregation of BMP4-
positive mesenchymal cells is of little functional consequence in
altering SMAD-mediated signaling in the epithelial cells. Consistent
with these results, alterations in conjunctival differentiation or a
switch from conjunctival to epidermal fate as seen in the SMAD4
conditional null eyelids were not seen (assessed by K10, K14, and K4
expression) (Supplementary Fig. S4).
Foxc1 and Foxc2 expression in Spry CKO eyelids
The forkhead transcription factors, Foxc1 and Foxc2, have been
shown to be critical for eyelid differentiation (Smith et al., 2000).
Expression of Foxc1 and Foxc2 in Spry CKO eyelids were analyzed
by in situ hybridization (Fig. 7). In the control eyelids, the
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Fig. 6. Shh and BMP4 expression in Spry CKO eyelids. 35S-labeled BMP4 (A–B′) and Shh (C–D′) riboprobes were hybridized to sections of E14.5 Cre- and Spry CKO mutant
embryos. The dotted lines delineate the boundary between the epithelial and mesenchymal cells. A′–D′ are higher magniﬁcations of boxed regions in A–D. BMP4-positive
mesenchymal cells in Spry CKO eyelids were clustered near the anterior margin (A and A′, white arrows) but appeared disaggregated in Cre- eyelids (B and B′, white arrows).
Conjunctival epithelial cells at the margin showed reduced expression of Shh (compare D and D′ to C and C′ respectively). Green arrows in B and B′ mark BMP4 expression in
the hair follicles of the skin. Staining in the retinal pigmented epithelium (rpe) is an artifact of dark-ﬁeld illumination. Abbreviations; bc, bulbar conjunctiva; l, lens; pc,
palpebral conjunctiva; pe, palpebral epidermis; r, retina. Scale bar in (C′): (A–B′, C, and D) 100 μm; (C′–D′) 50 μm.
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conjunctival epithelial cells near the margin and the peridermal
leading edge cells expressed Foxc1 and Foxc2 (Fig. 7A, A′, C, and C′,
white and yellow arrows). In the Spry CKO eyelids, the conjuncti-
val cells near the anterior margin showed a modest reduction in
Foxc1 (Fig. 7B, B′, white arrows) and a stronger reduction in Foxc2
(Fig. 7D and D′, white arrows). The Spry CKO peridermal cells
showed reduced Foxc1 and Foxc2 expression (Fig. 7B′, D, and D′,
yellow arrows). These results suggested that conjunctival Foxc1
and Foxc2 expression depends on signaling mediated by Sprys.
TaoAltered expression of Wnt signaling components in Spry CKO
eyelids
Excessive Wnt signaling inhibits eyelid closure (Gage et al., 2008;
Mukhopadhyay et al., 2006). Also, increased Wnt signaling in the
FGFR2-null conjunctival epithelial cells has been reported (Huang
et al., 2009). These results suggest an inverse correlation between
Wnt and FGF signaling in the eyelids. To assess alterations in Wnt
signaling, we examined expression of Axin2 and sFRP, a target and
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Fig. 7. Foxc1 and Foxc2 expression in Spry CKO eyelids. 35S-labeled Foxc1 (A–B′) and Foxc2 (C-D′) riboprobes were hybridized to sections of E14.5 Cre- and Spry CKO mutant
embryos. The dotted lines delineate the boundary between the epithelial and mesenchymal cells. A′–D′ are higher magniﬁcations of boxed regions in A–D. Modest reduction
in Foxc1 (B and B′) and a strong reduction in Foxc2 (D and D′) was seen at the anterior margins of Spry CKO eyelids when compared to Cre- eyelids (B and B′, white arrows).
Spry CKO peridermal cells also showed reduced expression of Foxc1 (B,B′, yellow arrow) and Foxc2 (D and D′, yellow arrow) compared to Cre- eyelids (A, A′, C, and C′, yellow
arrows). Staining in the retinal pigmented epithelium (rpe) is an artifact of dark-ﬁeld illumination. Abbreviations; bc, bulbar conjunctiva; l, lens; pc, palpebral conjunctiva;
pe, palpebral epidermis; r, retina. Scale bar in (C′): (A–D) 100 μm; (A′–D′) 50 μm.
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antagonist of Wnt signaling respectively (Fig. 8). Spry CKO conjunc-
tival epithelial cells near the margin showed a modest reduction in
Axin2 expression (Fig. 8A–B′, white arrows). In contrast, sFRP expres-
sion was increased in the palpebral and bulbar conjunctival epithelial
cells (Fig. 8C–D′, arrows). Axin2 expression was reduced in Spry CKO
mesenchymal cells (Fig. 8B and B′) but appeared unaltered in the
palpebral epidermis (Fig. 8A and B, magenta arrows). These results
suggested that increased FGF signaling due to loss of Sprys correlated
with decreased Wnt signaling in the eyelid epithelial cells.
Slower migration of Spry CKO eyelids peridermal cells
To test the hypothesis that Spry CKO eyelid fail to close due to
impaired motility of peridermal cells, we performed scratch assays
using eyelid keratinocytes from Spry CKO and Cre- embryos
(Fig. 9A–E). Cre-mediated deletion and excision of Spry1 and Spry2
alleles in these cells was conﬁrmed by PCR (Supplementary
Fig. S5). 48 h after the scratch was made, fewer Spry CKO
keratinocytes had migrated into the gap (Fig. 9D and E) indicating
Cre- Spry CKO
A
xi
n2
sF
R
P
Fig. 8. Decreased Wnt signaling in Spry CKO eyelids. 35S-labeled Axin2 (A–B′) and sFRP1 (C–D′) riboprobes were hybridized to sections of E14.5 Cre- and Spry CKO mutant embryos.
The dotted lines delineate the boundary between the epithelial and mesenchymal cells. A′–D′ are higher magniﬁcations of boxed regions in A–D. Axin2 (B, B′) expressionwas modestly
reduced in the Spry CKO conjunctival epithelial cells (B, white arrow) and in eyelid mesenchymal cells (A and B) but was not in the palpebral peridermal cells (B', magenta arrows).
sFRP1 was increased in the Spry CKO conjunctival epithelial cells (D and D′, white arrows). Staining in the retinal pigmented epithelium (rpe) is an artifact of dark-ﬁeld illumination.
Abbreviations; bc, bulbar conjunctiva; l, lens; pc, palpebral conjunctiva; pe, palpebral epidermis; r, retina. Scale bar in (C′): (A, B, A′, B′, C′, and D′) 50 μm; (C and D) 100 μm.
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a reduced capacity for migration. Spry CKO keratinocytes also
showed reduced phalloidin (binds F-actin) staining (Fig. 9G and I).
Peridermal cells in the Spry CKO embryos also showed a consistent
reduction in phallodin staining at the leading edge (Fig. 9J–M,
arrows). These results suggested that the impaired motility of Spry
CKO peridermal cells is likely due to reduced actin polymerization
and stress ﬁber formation.
In summary, our results show that deletion of Spry1 and Spry2
in the ocular surface epithelial cells leads to the following;
(a) failure of eyelid closure, (b) increased proliferation of con-
junctival epithelial cells with increased expression of cyclin D1 and
cyclin D2, (c) induction of FGF signaling targets in the conjunctival
epithelial cells, (d) decreased phosphorylation of c-Jun in the
peridermal cells and increased phosphorylation of ERKs in the
conjunctival epithelial cells, (e) reduction in Shh expression in the
anterior eyelids with loss of clustering of BMP4-positive mesench-
ymal cells, (f) reduction in Foxc1 and Foxc2, (g) decreased expres-
sion of Wnt signaling target, Axin2 and increased expression of
Wnt antagonist, sFRP in the conjunctival epithelial cells and
(h) decreased motility, reduction in actin stress ﬁbers and reduced
F-actin polymerization in peridermal cells.
Discussion
Deletion of Spry1 and Spry2 in the ocular surface ectodermal
cells did not affect the formation of eyelid rudiments in their
proper locations or invagination of eyelid epithelial precursors
suggesting that Spry1 and Spry2 were dispensable for eyelid fate
speciﬁcation and invagination. Our data instead suggest roles for
Sprys in coordination of morphogenetic events that control eyelid
closure.
Failure of eyelid closure in the Spry CKO embryos is likely due
to the following; (a) reduced migration of peridermal cells, (b)
increased proliferation of conjunctival epithelial cells and (c)
disrupted signaling interactions between conjunctival epithelium
and adjacent mesenchyme (Fig. 10). Though our data supports (a),
(b) and (c), reduced peridermal motility is likely to be the most
direct and proximal cause for inhibition of eyelid closure. The
slower motility in turn, is likely to be due to reduced c-Jun
phosphorylation, F actin polymerization and stress ﬁber formation
as these events have been shown to be critical drivers of perider-
mal migration (Geh et al., 2011; Takatori et al., 2008). How do
Sprys regulate c-Jun phosphorylation? It is possible that Sprys
modulate the signaling cascade upstream of c-Jun phosphorylation
that includes MEKK1 (MAP3K) and JNK activation. Alternatively,
Sprys could regulate signaling initiated by growth factors active in
this area such as FGF10, HB-EGF or TGFα and that aberrant
activation of these signaling pathways could lead to c-Jun activa-
tion. Enhanced FGF signaling in the leading edge peridermal cells
partially supports this hypothesis. Interestingly, this increase in
FGF signaling is ERK-independent.
A second reason for failure of eyelid closure in Spry CKO
embryos could be the increased proliferation of conjunctival
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Fig. 9. Reduced motility of Spry CKO eyelid epithelial cells. A–E. A reduced number of Spry CKO eyelid keratinocytes (D and E) migrated into the gap (A–D, circumscribed by
dotted lines) 48 h after a scratch was made on monolayered cultures of Spry CKO and Cre- eyelid keratinocytes. F–I. Phalloidin staining showed reduced F actin in Spry CKO
eyelid keratinocytes with reduced stress ﬁbers (G, white arrows) and thinner ﬁlipodia (I, arrow). J–M. Phalloidin staining showed reduced F actin in the peridermal cells at
the leading edge of Spry CKO eyelids (K and M, arrows). Scale bar in (A–D) 100 μm; (F and G) 200 μm; (H and I) 100 μm; (J–M) 5 μm.
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epithelial cells. Concomitant with this increase in proliferation was
the induction of (a) cyclins D1 and D2, (b) Erk phosphorylation and
(c) downstream targets of FGF signaling targets including Erm,
Pea3 and Dusp6. These results suggest that Sprys, through media-
tion of the FGF-ERK pathway, suppress conjunctival epithelial
proliferation. The FGF pathway targeted is likely to be initiated
by FGF10 and its receptor, FGFR2 (Fig. 10). The eyelid mesenchymal
cells express FGF10 prior to eyelid closure (Tao et al., 2005).
Germline deletion of FGF10 results in decreased proliferation of
conjunctival epithelial cells and failure of eyelid closure. Condi-
tional deletion of FGFR2 in the ocular surface ectoderm also
inhibits eyelid closure. These results considered together would
suggest that Sprys through negative modulation of FGF10-FGFR2
signaling, control conjunctival epithelial proliferation. Just as
decreased proliferation, excessive proliferation of conjunctival
epithelial cells also appears to be detrimental to eyelid closure.
This would suggest that a critical function of Spry is to act as a
negative feedback regulator of FGF signaling to suppress ectopic
growth. These results, considered together with our previously
published data that show increased proliferation of Spry CKO
corneal epithelial cells (Kuracha et al., 2011) supports the notion
that the main function of Sprys in the ocular surface epithelial cells
is to act as ‘ﬁne tuners′ of growth factor signaling.
A third reason for lack of eyelid closure in Spry CKO embryos could
be due to disrupted communication between the conjunctival epithe-
lium and adjacent mesenchyme. Alterations in expression of Shh in the
epithelial cells, Spry1, Spry2 and Spry4 in the mesenchymal cells and
disaggregation of BMP4-positive mesenchymal cells reﬂect alterations
in eyelid epithelial-mesenchymal interactions. Some of these changes
such as the localized loss of epithelial Shh expression are likely to be
more relevant to the growth and development of speciﬁc organ
rudiments (eyelash, meibomian glands) in the anterior regions of
the eyelids. Still, indirect effects of these altered signaling interactions
on eyelid closure cannot be ruled out. These data also support the
notion that reciprocal signaling between eyelid epithelium and under-
lying mesenchyme is sensitive to alterations in FGF signaling.
Huang et al. show that conditional deletion of FGFR2 in the
conjunctival cells results in increased Wnt signaling, extra row of
hair follicles (distichiasis) and inhibition of eyelid closure (Huang
et al., 2009). These results are complemented by our studies that
show that increased FGF signaling in Spry CKO eyelids leads to a
reduction in Wnt signaling (reduced Axin2 and increased sFRP).
But ectopic hair follicles were not seen in the conjunctival
epithelia. Foxc2 (a target of Wnt signaling in the eyelid epithelia)
was reduced but not completely extinguished. This residual
expression of Foxc2 may explain at least in part, why we did not
see extra/ectopic hair follicles observed in DKK2 or Foxc2 null mice.
Increased FGF signaling in the Spry CKO eyelid epithelial cells
did not inhibit conjunctival differentiation or induce a switch to
epidermal fate such as those seen in FGFR2- or SMAD4-conditional
null eyelids. A lack of decrease in BMP signaling in the Spry CKO
eyelids could be one reason for the continued maintenance of
conjunctival cell fate. The results of Huang et al. (2009) suggest
broad roles for BMP signaling in regulation of epithelial prolifera-
tion, maintenance of the conjunctival differentiation program and
peridermal migration. As a subset of these processes are also
controlled by Spry-modulated FGF signaling, a critical goal of
future studies would be to deﬁne the positive and negative
feedback mechanisms that precisely control BMP and FGF signal-
ing strengths in the eyelid primordia.
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